Chemical and heat treatment of steels of known technology increases the hardness and wear resistance and contact fatigue of machine parts. Compared to conventional gas nitriding, the technology of plasma nitriding provides several advantages (control layer thickness, velocity nitriding). This article describes the symptoms of contact-stress fatigue in sintered steel powder made by commercial company Höganäs, when type CrL in versions with addition of 0.3 and 0.7% C and CrM with addition of 0.3 %C were subjected to plasma nitriding under specified conditions. This paper briefly explains the impact that the plasma nitriding, causing resistance to contact fatigue effects on some mechanical properties as well as changes in the metallographicmicroscopic field.
Introduction
Surface treatments are generally technologies, which not only improve the surface properties, but the mechanical properties in many cases. In general it has long been used to improve some mechanical properties such as fatigue resistance of materials. This fact was proven years ago recently used even when sintered materials came into use. Contact fatigue resistance for sintered materials can also be increased by nitriding surface treatment, as documented by the results for example in [1] . The classic method of nitriding has been recently replaced by a more modern version of plasma nitriding [2] [3] [4] . This article is designed to assess the impact of plasma nitriding (used in the industrial plant under the conditions referred to in Chapter 2).
Experimental materials and methods
For tests the ferrous powder CrL (Fe-1.5%Cr-0.2%Mo) and CrM of Astaloy type was used. The material CrL modifications using two carbon content of 0.3 and 0.7%. In the case of CrM powder type material was used only with amount of 0.7% C. The samples were produced by conventional method based on pressing (600 MPa) and sintering (1120°C/60 min.) in an atmosphere composed of 90% N 2 + 10% H 2 . To prevent potential oxidation of samples, the atmosphere was frozen (dew point -57°C). The samples were placed in a retort with a charge of a mixture of Al 2 O 3 + 1.5% C for samples with 0.3% C contents and 3% C for samples with 0.7% C as a protection against possible decarburization. Sintering was followed by natural cooling of the samples in the retort with protective atmosphere outside the furnace. The shape and dimensions of samples are shown in Fig. 1a,b .
The samples prepared in this way were then subjected to grinding from both sides to ensure their regular shape and to prevent undesired vibrations during testing. Finally, the samples were subjected to plasma nitriding under the following conditions: temperature of nitriding 520°C/7 hours.
Fig.1 a,b
Principle of Axmat equipment and appearance and dimensions of the sample The 3 sets of samples having undergone the preparation as described above were subsequently subjected to contact fatigue tests (using the pin on disc system) using the AXMAT type device - Fig. 1 , operating at 500 rpm. The sample replaces the upper part of the axial bearing, with 18 balls of φ 3.969 mm size, made of bearing steel, rolling on its surface. The balls are located in the lower part of the axial bearing and are lubricated with MOGUL SAE 80 transmission oil, circulated and constantly filtered during testing. Apart from that, measurements were also extended to the hardness of the HV10 and HRB on their surfaces as well as the microhardness on the cross-sections to determine the effect of shot peening. Metallographical microscopic analysis was carried out using scanning electron microscope (SEM) with an EDAX analyzer attached.
Results
The CrL type material used in this paper has in case of 0.3% C a ferrite + pearlitic structure, while in the other case (0.7% C) it consists mostly of a very fine pearlite. The CrM material with 0.3 % C has bainitic structure. All structures are described in our previous work [5] [6] [7] [8] [9] [10] and correspond to the given chemical composition and to the rate of cooling after sintering (~0.3 K/sec). It is in agreement with observation in literature and with CCT diagram for this type of steels as well [11, 12] . Similarly to the classical one, plasma nitriding is expected to create a layer on the surface of the material, which would have high hardness, and would have specific properties that enable it to withstand conditions in which it has to perform. Similarly to the gas nitriding, apart from the nitrided layer, an ε-layer is formed; the thickness of which in all the researched variants was approximately 3 µm - Fig. 2 . Microhardness profile on the cross section is presented in Fig. 3 . If the value of 500 HV0.05 is considered to be the minimum hardness valid for the nitrided surface, then we can see that the effective depth of nitriding is around 200 µm for the CrL material and around 150 µm for the CrM. The effective depth can be determined both from the metallographic image - Fig. 4a (nitriding depth is indicated by a horizontal line) or fracture surfaces, respectively. When at a classical impact load, the behaviour of the hard nitrided layer is brittle, resulting in cleavage damages revealing the presence of brittle, cleavage facettes - Fig. 4b.   Fig.2 ε-layer on the surface of material CrM+0.3C The hardness of the HV10, in terms of the ε-layer, could not be measured exactly as this layer is very thin and the measuring device did not allow precise setting of the indenter into the centre of this layer which caused large scatter in the measurements. However, it is surprising that the ε-layer did not suffer brittle damage. Its damage cannot be unambiguously described by any of the known fracto-graphical features - Fig.2 . Surface hardness, the decisive factor affecting the contact fatigue properties is summed up in Table 1 . Measuring hardness of HV10 is rather questionable. After nitridation the surface is totally black and no impression can be seen. It is necessary to grind the surface slightly, thereby removing part or the entire ε-layer. This setback was to be eliminated by measuring the HRB. However, these results do not reflect the direct proportion existing between them and the life cycle fatigue, either.
Tests of contact fatigue have produced the results as in Table 2 . As it follows from the Table for all of the material, there was an increase in resistance to contact fatigue. The initial values for only sintered state were taken from the earlier work, which was published in [13] . The results show that the highest increase of the life of the material is at CrL +0.3C is about 32%. Material CrM +0.3C shows about the same increase in contact fatigue resistance. The increase by material CrL +0.7C was only 12%. The percentage increase in hardness is not corresponding as it was in the case of other two materials. Metallographical observation has revealed that pittings are formed by gritting out material from cracks that originated on the surface - Fig. 5 . Here, around the pitting, one can see a whole range of small cracks, generated by their interlinking. This is supported in Fig. 6 , where the final cracks evidently come from the cracks on surface and their subsequent interlinkings. Primary causes that generate cracks can be attributed to two factors. The first influence are the pores in the ε-layer, which, however, have nothing in common with the real porosity of materials. It is not known, why this layer is so porous after plasma nitriding, and the solution of this problem falls beyond the scope of this work. The second is the presence of complex, oxidic particles, which caused the layer to burst, developing real cracks. The nature of these particles (complex oxides of Fe-Cr-Al-O type) was confirmed by EDAX analysis. These results are in agreement with the ones achieved in [14] , as it was to be expected, since the material used there was from the same batch as in our case. 
Conclusions
Contact fatigue tests on sintered steels subjected to plasma nitriding by industrial facility (not in the laboratory) showed that:
• Effect of plasma nitriding is not virtually (qualitatively) different from the events that are known to occur when using conventional nitriding. The differences are mainly quantitative and depend primarily on the temperature and time of nitriding. In our case, time of nitriding was shorter, which is reflected in the absolute values of lifetime.
• It can be concluded that this resulted in a positive impact on material variants containing 0.3% carbon. Low increase of lifetime in material CrL + 0.7 C we can not confirm without repeating the test.
• Cracks occurring on the surface, in contact fatigue stress test, lead to creation of pittings. Cracks developing in the Hertz stress peaks have not been identified. Embrittlement of the material due to nitriding has its share on the creation of cracks on the surface.
